How does breakup influence the total fusion of ^'^Li at the Coulomb barrier? 
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Total (complete + incomplete) fusion excitation functions of ®'^Li on ^^Co and ^"^Bi targets 
around the Coulomb barrier are obtained using a new continuum discretized coupled channel 
(CDCC) method of calculating fusion. The relative importance of breakup and bound-state struc- 
ture effects on total fusion is particularly investigated. The effect of breakup on fusion can be 
observed in the total fusion excitation function. The breakup enhances the total fusion at energies 
just around the barrier, whereas it hardly affects the total fusion at energies well above the barrier. 
The difference between the experimental total fusion cross sections for ^'^Li on ^^Co is notably 
caused by breakup, but this is not the case for the ^"^Bi target. 
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I. INTRODUCTION 

The effect of breakup of weakly bound projectiles on 
fusion has been extensively investigated in recent years 
both experimentally [l|Jl||J3J|pyi|l 
Ell and theoreticallv |ll [TaTrTl liaJia l2^^ but 

there is not yet a definitive conclusion. Experimental 
works discuss the effect of breakup on fusion by com- 
paring experimental fusion excitation functions to cither 
realistic theoretical predictions which do not include cou- 
plings to the breakup channels, e.g. ^ 1^, 111], (l^, or 
to experimental fusion excitation functions of well-bound 
(reference) projectiles for which the breakup is expected 
to be weak, e.g. |lli|lS|l2. 

In fusion of weakly bound nuclei, two independent fu- 
sion processes can be distinguished, namely complete fu- 
sion and incomplete or partial fusion. The total fusion 
is the sum of these processes (complete -I- incomplete). 
These two types of fusion processes are connected to the 
dynamics of the projectile fragments. A clear definition 
of complete and incomplete fusion is necessary to com- 
pare theoretical predictions to experimental data. Theo- 
reticians, e.g. 0,0, and experimentahsts, e.g. [5l.l23l|. 
give different definitions in the literature. From a the- 
oretical point of view we think that, strictly speaking, 
complete fusion refers to the capture of all the projec- 
tile fragments (from bound and breakup states) by the 
target, whereas the incomplete fusion is related to the 
capture of only some of those fragments. Experimental- 
ists 0, |23| tend to define complete and incomplete fu- 
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sion as absorption of all the charge of the projectile and 
of a part of that charge, respectively. These definitions 
are only equivalent to the strictly theoretical ones if all 
the projectile fragments are charged (e.g., ^Li=a+d, or 
'^Li=a+t), but this is not the case for projectiles like 
^Be= a -I- a -I- n or ^^Be=^^Tie+n. It is important to note 
that in fusion experiments with ^Be and "^^Be 

it is still unclear what happens to the valence neutron 
after the reaction. If we follow the experimental defini- 
tions, the total and complete fusion would be the same 
for the reaction ^^Be -I- ^°^Bi IQJ, since only the capture 
of the stable ^''Be core has been observed so far. 

Most experiments Q i S S i S i, i IMMHhave 
only measured the total fusion, whereas in |^ [l^, [13 the 
complete fusion was distinguished from the incomplete 
one. The importance of distinguishing between complete 
and incomplete fusion in order to observe complete fu- 
sion suppression above the barrier for ^'''Li -I- ^°^Bi was 
pointed out in 

Since the calculation of the complete and the incom- 
plete fusion cross section following either the strictly the- 
oretical definitions or the experimental ones is extremely 
complex, simplifying: models have been used up to now 
EE [IE llE EE Eal ■ using full coupled channels calcula- 
tions, complete fusion was interpreted in Il6| IIT!) as ab- 
sorption from projectile bound states, and as incomplete 
fusion that from unbound states. In our approach in |l7j . 
the total fusion cross section for ^^Be -I- ^"^Pb was unam- 
biguously (referred to the strictly theoretical definition) 
calculated, but this was not the case for the complete and 
incomplete fusion independently. The unambiguous pre- 
diction of complete and incomplete fusion cross sections 
is still a challenge for all current fusion models E3 • 

Following Ref. E3|i we interpreted in 0| the total 
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fusion of ^^Be on ^°®Pb as the absorption of the center 
of mass (cm.) of the projectile from either its bound 
or breakup states. Since the mass of the ^'^Be core is 
much larger than the neutron mass, such an absorp- 
tion could ensure that at least the charged core is cap- 
tured. However, we doubt that this approach can be used 
to study the total fusion of the two-cluster projectiles 
^'''Li because the two charged fragments {^Li=a+d, and 
^Li=a-|-i) have similar masses. In this case, the capture 
of the cm. of the projectile is not necessarily connected 
to the capture of the charged fragments. Therefore, we 
will use for the present reactions two optical potentials for 
the nuclear interaction between the projectile fragments 
and the target. At the same time, the short-ranged imag- 
inary fusion potential defined in the cm. coordinate of 
the projectile and used in 17], will be removed. The 
imaginary part of those optical potentials will also be 
short-ranged (inside the Coulomb barriers) to ensure that 
the absorption is associated with fusion channels only. 

The present work particularly aims at (i) investigat- 
ing the relative importance of breakup and bound-state 
structure effects (i.e. ground-state reorientation cou- 
plings, couphng to the bound excited state (''Li) and 
bare potential) for the total fusion of ^'^Li on ^^Co and 
^"^Bi targets around the Coulomb barrier, (ii) clarifying 
whether or not the enhancement or suppression effect of 
breakup is shown in total fusion, and (iii) testing the 
model with recent experimental data jlSllJI- In Sect. 
II, the theoretical formalism is presented, whereas the 
results and the discussion are shown in Sect. III. We 
draw conclusions in Sect. IV. 



II. THEORY 

Calculations of total fusion cross sections for ^'^Li on 
^^Co and ^°^Bi are carried out using a three-body model 
with a new CDCC ^2d\ method of calculating fusion, 
i.e. with short-range fusion potentials for each fragment 
separately. Full coupled channels calculations are per- 
formed with the code FRESCO The set of coupled 
equations 17j for the projectile-target radial wave func- 
tions is solved with the usual scattering boundary condi- 
tions PH . 

The total fusion cross section is calculated in terms of 
that amount of flux which leaves the coupled channels 
set (total absorption cross section) because of the short- 
ranged imaginary parts iWp of the optical potentials 
between the projectile fragments and the target. This 
guarantees that at least one of the charged fragments of 
the projectile is captured. The same Woods-Saxon po- 
tential Wf with parameters Wo = —50 MeV, ro = 0.8 
fm, and a = 0.1 fm is used for the imaginary part of 
the two optical potentials. The results depend only very 
weakly on the parameters of this potential, as long as it 
is well inside the Coulomb barrier and strong enough for 
the mean-free path of the projectile inside the barrier to 
be much smaller than the dimensions of Wp ■ The fusion 



cross sections for Wq = —50 MeV are those for Wq = — 10 
MeV changed by ^ 1%. The use of a short-ranged imag- 
inary potential is equivalent to the use of an incoming 
boundary condition inside the barrier for each fragment 
to study fusion 26] . 

In calculations of total fusion cross sections, we si- 
multaneously include (i) the breakup of the projec- 
tile caused by inelastic excitations to different partial 
waves in the continuum (non-resonant and resonant 
breakup), induced by the projectile fragments-target in- 
teractions (Coulomb+nuclear), and (ii) all continuum 
(bound-continuum and continuum-continuum) and reori- 
entation couplings. By breakup we mean the elastic dis- 
sociation of ^'''Li into two fragments only, namely alpha 
-|- deuteron for ^Li and alpha + triton for ^Li, and not 
further breakup of the deuteron or triton. The reorien- 
tation couplings refer to the couplings of the quadrupole 
term of the projectile fragment-target potentials, among 
the projectile target partial waves, for the projectile in 
its ground state. Since we will first focus on effect of pro- 
jectile excitation, wc will not include transfer or inelastic 
channels of the target. The target will be regarded as 
a spherical nucleus with spin zero. Afterwards, we will 
estimate the effect of target excitations on the total fu- 
sion cross section. We expect both that such an effect 
could be important at energies just around the Coulomb 
barrier and that it is similar for the two lithium isotopes. 

We would like to stress that in the present calcula- 
tions the imaginary parts of the off-diagonal couplings 
have been neglected, while the diagonal couplings in- 
clude imaginary parts. The reason for not including the 
imaginary part of the off-diagonal couplings is that they 
produce numerical instabilities. The hcrmiticity of the 
symmetric breakup matrix is violated when large values 
of off-diagonal imaginary couplings are included. Those 
imaginary couplings describe absorption occurring dur- 
ing the transitions between the channels. Following Ref. 
|27| , we expect that these couplings weakly affect the to- 
tal fusion cross section. In that reference, it was shown 
that the imaginary off-diagonal coupling redistributes, 
among the elastic and nonelastic channels, the flux that 
has already penetrated the Coulomb barrier. The total 
fusion cross section, however, remained unchanged. 

In addition to the Coulomb interaction, the global 
Woods-Saxon parametrization given in Ref. for the 
Christensen and Winther potential is used for the real 
part of the optical potentials between the projectile frag- 
ments {^Li—a+d, and '^Li—a+t) and the target. Those 
potentials are given in Table I. The projectile-target bare 
potential for a central collision is calculated by the single- 
folding of the projectile fragments-target monopole (real) 
interactions with the ^'^Li ground-state densities defined 
in terms of the ground-state wave functions. In the fol- 
lowing, by Coulomb barrier Vb we mean the barrier of 
that potential. 

The couplings are taken into account up to a projectile- 
target radial distance i?coup = 150 fm. Partial waves for 
the projectile-target relative motion up to only Lmax ~ 
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TABLE I: Potentials between the projectile fragments and the 
target are shown along with those to describe the projectile 
states (g.s.-ground state, res. -resonances, b.s. -bound states). 
The potential depths are given in MeV, and the radii and 
difFusenesses in fm. 



Pot. 


Vo 


ro 


ao 




rg'°- 






-31.1368 


1.1273 


0.63 








a-209Bi 


-33.9497 


1.1675 


0.63 










-19.9336 


1.0895 


0.63 








d-2°9Bi 


-21.0497 


1.1422 


0.63 








t-5^Co 


-25.2677 


1.1128 


0.63 








t-^o^Bi 


-25.1141 


1.1578 


0.63 








'Li (g.s.) 


-78.46 


1.15 


0.7 








^Li (res.) 


-80.0 


1.15 


0.7 


2.5 


1.15 


0.7 


■^Li (b.s.) 


-108.1 


1.15 


0.7 


0.9875 


1.15 


0.7 


^Li (res.) 


-109.89 


1.15 


0.7 


1.6122 


1.15 


0.7 



TABLE II: Energies Ere, (MeV) and widths Tres (MeV) of 
the calculated resonances are compared with the experimental 
values 30] . 



Proj. 


Res. 


Eres 




poxp . 


T-\CXp . 

-'- res 


^Li 


3+ 


0.73 


0.034 


0.716 


0.024 


«Li 


2+ 


3.09 


1.3 


2.84 


1.7 


«Li 


1+ 


4.67 


4.2 


4.18 


1.5 


^Li 


7/2" 


2.17 


0.071 


2.16 


0.093 


^Li 


5/2" 


4.09 


0.6 


4.21 


0.88 



30 (partial-wave total fusion cross section < 10 ^ mb) 
are included in the calculation. 

The bound states of the two-body ^Li (^Li) projectile 
and the single energy scattering wave functions which 
form the continuum bins 'Ti|, are obtained by solving a 
Schrodingcr equation with the a-d (a-t) potential V^_^ 
(^Q-t)i which may be I dependent. The contimmm states 
with a given partial wave / have been consistently gen- 
erated either by the same potential as that of the bound 
state of the same orbital angular momentum / or by the 
potential generating the unbound resonances. The con- 
tinuum (non-resonant and resonant) breakup subspace 
is discretized in equally spaced momentum bins with re- 
spect to the momentum hk of the a-d (a-t) relative mo- 
tion. The bin widths are suitably modified in the pres- 
ence of the resonant states in order to avoid double count- 
ing. 

The J'^ = 1+ (/ = coupled to the spin of the deuteron 
s = 1) ground state of ^Li with a binding energy of —1.47 
MeV can be generated by a Woods-Saxon potential given 
in Table I. The d-state (/ — 2,s = 1) component 29] of 
the g.s. wave function has been neglected. The 3+,2+ 
and 1+ {1 — 2 coupled to the spin of the deuteron s = 1) 
unbound resonant states of ^Li can be obtained with a 
Woods-Saxon potential including a spin-orbit term with 
the same geometry (see Table I). The energies and widths 
obtained for those resonances are compared with the ex- 
perimental [s^l values in Table II. 



In the case of ''Li, the 3/2~ ground state and the bound 
l/2~ excited state (^ = 1 coupled to the spin of the triton 
s = 1/2) with binding energies of -2.47 MeV and -1.99 
MeV, respectively, can also be reproduced by a Woods- 
Saxon potential with a spin-orbit term (see Table I). The 
7/2^ and 5/2^ {I ~ 3 coupled to the spin of the triton 
s = 1/2) unbound resonant states are calculated in the 
same way (see Table I). The energies and widths obtained 
for those resonances are included in Table II. 

For the reactions with ^Li, we obtain converged total 
fusion cross sections [T^ using (i) a maximum energy of 
the continuum states of 8 MeV for energies well above the 
Coulomb barrier and of 6 MeV for energies around the 
barrier, (ii) continuum partial waves up to Z = 2 waves for 
a density of the continuum discretization of 2 bins/MeV 
{I = 0,1); 7.7 bins/MeV and 1.92 bins/MeV below and 
above the 3+ resonance, respectively, 10 bins/MeV inside 
the resonance; 2.5 bins/MeV and 2 bins/MeV below and 
above the 2+ resonance, respectively, 2.5 bins/MeV in- 
side the resonance; for 1+ continuum states the density 
of the discretization is the same as that for 2+ states, 
(iii) the projectile fragments-target potential multipoles 
up to the quadrupole term (K < 2). 

For ''Li, converged total fusion cross sections are ob- 
tained using (i) the same cutoff for the maximum en- 
ergy of the continuum states as that for ^Li, (ii) contin- 
uum partial waves up to ^ = 3 waves for a density of 
the continuum discretization of 2 bins/MeV (/ = 0, 1, 2); 
7.7 bins/MeV and 1.92 bins/MeV below and above the 
7/2~ resonance, respectively, 10 bins/MeV inside the res- 
onance; 2.5 bins/MeV and 2 bins/MeV below and above 
the 5/2~ resonance, respectively, 2.5 bins/MeV inside the 
resonance, (iii) the projectile fragments-target potential 
multipoles up to the octupole term {K < 3). 



III. RESULTS AND DISCUSSION 

A. «'^Li+59Co 

Fig.l is used as an example to show the convergence of 
the total fusion cross sections of ^Li-l-'^^Co with respect 
to the number I of partial waves in the continuum along 
with potential multipoles K. The maximum energy ^max 
of the continuum states and the density of the continuum 
discretization are as mentioned above. In particular, we 
would like to point out that converged results at ener- 
gies just around the Coulomb barrier are obtained with 
a small number of continuum partial waves, i.e. up to 
rf-waves in the present example, in contrast to that, it 
was claimed in Ref. [IJ. In the following, total fusion 
cross sections refer to converged values. 

Fig. 2 shows total fusion excitation functions for 
^Li-fS^Co (full dots with solid curve) and ''Li-h^^Co (full 
triangles with dashed curve), which are normalized with 
the corresponding cross sections in absence of couplings 
to breakup channels. For each reaction, the incident en- 
ergy is normalized with its Coulomb barrier Vb- The 
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FIG. 1: Convergence of the total fusion cross sections for 
"Li-f^^Co with regard to the number I of continuum partial 
waves along with the potential multipoles K. The arrow in- 
dicates the value of the Coulomb barrier. See text for further 
details. 

Coulomb barrier for ^U+^^Co is Vb = 11.74 MeV, 
whereas for ^Li+^^Co it is Vb = 11.68 MeV. These bar- 
riers are similar to those (11.5 MeV and 11.35 MeV, re- 
spectively) calculated using the double- folding procedure 
with the Skyrme-type nucleon-nucleon interaction |3lj . 
The total fusion excitation functions without breakup in- 
clude all reorientation couplings of ^'^Li. In case of ^Li, 
it also includes the coupling to the bound 1/2^ first ex- 
cited state. Since ^Li is a spherical nucleus in its ground 
state and, therefore, the quadrupole term of the projec- 
tile fragments-target potentials is zero, no reorientation 
effects occur for ^Li. The total fusion excitation func- 
tions with breakup include all continuum and reorienta- 
tion couplings. 

The breakup enhances the total fusion cross section 
at energies just around the barrier, whereas it hardly 
affects (an enhancement by ~ 2%) the total fusion at en- 
ergies well above the barrier. The fusion enhancement 
around the barrier is larger for ^Li than for ^Li, and it 
correlates with the smaller a-breakup threshold for ^Li. 
Here, the enhancement factor strongly depends on the in- 
cident energy. This enhancement is caused by the bound- 
continuum couplings 'it] which dominate the suppression 
effect of the continuum-continuum couplings. 

In Fig. 3, we compare the total fusion excitation func- 
tions of the two reactions. For each reaction, the incident 
energy is also normalized with the Coulomb barrier Vb of 
the bare potential. We only include the reorientation cou- 
plings in fusion without breakup. All continuum and re- 



FIG. 2: Total fusion excitation functions for ®Li-|-^^Co (full 
dots) and ^Li+^^Co (full triangles), which are normalized 
with the cross sections in absence of couplings to breakup 
(BU) channels. For each reaction, the incident energy is nor- 
malized with the Coulomb barrier Vb of the bare potential. 
The calculated values are connected with curves to guide the 
eye. See text for further details. 



orientation couplings are included in fusion with breakup. 
We can observe that the total fusion excitation functions 
without breakup are practically the same for ^'''Li. The 
mass difference between ^'^Li explains the remaining dif- 
ference between their fusion excitation functions at en- 
ergies well below the barrier. Both the ^Li ground-state 
reorientation elfect (comparing the dashed curve to the 
dash-dotted one) and the effect of the coupling to its 
bound l/2~ excited state (comparing the dashed curve 
to the dotted one) on total fusion are very weak. 

In Fig. 3, we can also observe that the inclusion of the 
couplings to the breakup channels notably increases the 
dilference between the total fusion excitation functions 
of the two systems at energies just around the barrier. 
However, at energies well above the barrier the total fu- 
sion cross sections are practically the same. We conclude 
that the breakup is the main reason for the difference 
between the total fusion cross sections of ^^^Li on ^^Co. 

A crude estimation of the effect of ^^Co excitations 
on the total fusion cross section was done by (i) fitting 
the converged total fusion cross sections of Fig. 3 (lower 
part) in a single (clastic) channel calculation by finding 
an appropriate projectile-target real Woods-Saxon po- 
tential with an energy dependent depth and the geometry 
To = 1.179 fm and a — 0.658 fm, and then (ii) including 
the target excitations as in Refs. H^H^. We include 
the couplings to the first three levels of the ground-state 
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FIG. 3: Total fusion excitation functions for Li+ Co are 
compared to those for ^Li+^^Co. For each reaction, the in- 
cident energy is normalized with the Coulomb barrier of the 
bare potential, (fusion without breakup) The reorientation 
couplings are only included, (fusion with breakup) All con- 
tirmum and reorientation couplings are included. See text for 
further details. 
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FIG. 4: Calculated (full squares and triangles) total fusion 
excitation functions for ^'^Li+^^Co are compared with the 
experimental data [3 (open circles and squares). The calcu- 
lated values are connected with curves to guide the eye. The 
arrows indicate the Coulomb barriers of the bare potentials. 
See text for further details. 



rotational band (Table III) of ^^Co [s^. This estimation 
reveals that the effect is very weak and similar for the 
two lithium isotopes. Total fusion cross sections are in- 
creased by ~ 5% for energies around the barrier, while 
they remain constant for energies well above the barrier. 

In Fig. 4, the calculated (full squares and triangles) 
total fusion cross sections of Fig. 3 (lower part) includ- 
ing the effect of ^^Co excitations are compared to the 
experimental data T?] (open circles and squares). The 
agreement is good at energies just around the barrier (ar- 
rows), but a slight overestimation is observed at energies 
well above the barrier. However, the ratio of the theo- 
retical cross sections of the two systems agrees very well 
with the ratio of their experimental cross sections (see 
Fig. 3 of 01) at all energies. 



TABLE III: Experimental values for (i) the first three levels 
of the ground-state rotational band of the ^^Co target |3^ . 
and for (ii) the excitations of ^"^Bi included in the calculation 



Target 


Energy (MeV) 


r 


B(EA, I ^ g.s.) (W.u.) 


^«Co 


0.0 


7/2" 






1.19 


9/2" 


13.0 (E2) 




1.46 


11/2" 


5.4 (E2) 




0.0 


9/2" 






2.493 


3/2+ 


16.0 (E3) 




2.564 


9/2+ 


28.0 (E3) 




2.583 


7/2+ 


25.0 (E3) 




2.599 


11/2+ 


30.0 (E3) 




2.6 


13/2+ 


22.0 (E3) 




2.617 


5/2+ 


22.0 (E3) 




2.741 


15/2+ 


25.0 (E3) 



B. S'^Li+^o^Bi 

Fig. 5 shows, like Fig. 2, total fusion excitation 
functions for ^Li-|-^'^^Bi (full dots with solid curve) and 
^Li+^°^Bi (full triangles with dashed curve), which are 
normalized with the corresponding cross sections with- 
out breakup. The incident energies are also normal- 
ized with the barrier {Vb = 29.71 MeV for ^Li, and 
Vb = 29.57 MeV for ^Li) of the calculated bare poten- 
tials. These barriers are similar to those measured in Ref. 



[T3 {Vb = 30.1 ± 0.3 MeV for '^Li, and Vr = 29.7 ± 0.2 
MeV for '^Li) and to those calculated (3l| {Vb = 29.8 
MeV for ^Li, and Vb = 29.5 MeV for ^Li) with the 
double-folding procedure. 

Fusion enhancement occurs at energies just around the 
barrier, while breakup has very little effect (an enhance- 
ment by ~ 3.5%) on total fusion at energies well above 
the barrier. The difference between the two a-breakup 
thresholds for ^'^Li is also revealed in the value of their 
enhancement factors around the barrier. These factors 
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FIG. 5: The same as Fig. 2, but for ^Li+^o^Bi (full dots) and FIG. 6: The same as Fig. 3, but for ''■^Li+^o^Bi. See text for 
■^Li+2°^Bi (full triangles). See text for further details. further details. 



also depend strongly on the decreasing incident energy 
below the barrier. Comparing this figure with Fig. 2, 
we can observe that the breakup elTect on total fusion is 
stronger for the ^"^Bi target than for ^^Co, as expected. 

In Fig. 6, the total fusion excitation functions of the 
two reactions are compared to each other (as in Fig. 3). 
It is observed that the differences between the total fusion 
excitation functions, caused by the bound-state structure 
effects of ^'^Li, are very small and similar to those with 
the ^^Co target. The efi^ect of the ''Li ground-state reori- 
entation couplings (comparing the dashed curve to the 
dash-dotted one) and of the coupling to its bound 1/2^ 
excited state (comparing the dashed curve to the dotted 
one) on total fusion are also very weak. 

In Fig. 6, it is also shown that the breakup increases 
the difference between the total fusion cross sections for 
^'^Li at energies just around the barrier. At energies well 
above the barrier, the two systems show very similar total 
fusion excitation functions. Fig. 6 also indicates, like 
Fig. 3, that the breakup causes the difference between 
the total fusion cross sections of ^'^Li. 

We also estimated the effect of target excitations on to- 
tal fusion. It was done in the same way as for ^^Co. Since 
the couplings to the first two excited states of single- 
particle structure is rather weak '33|, we only include 
couphngs to the collective multiplet [^'^^Pb(3^)®Ihg/2] j'^ 
(Table III) with energies ranging from 2.493 to 2.741 MeV 
|34| . Moreover, we assume collective transitions to these 
excited states due to their complexity (combined collec- 
tive and single-particle dynamics). Total fusion cross sec- 
tions remain the same for energies well above the barrier. 
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FIG. 7: The same as Fig. 4^t for ^'^Li-f ^"^Bi. The exper- 
imental data are from Ref. 1131. See text for further details. 



whereas they are increased by 3% around the barrier 
for both ^Li and ^Li. 

Fig. 7 shows a comparison between the calculated (full 
squares and triangles) total fusion excitation functions 
including the effect of target excitations and the experi- 
mental data (open circles and squares). The exper- 
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imental data for ^Li (upper part, open circles) are well 
reproduced, but it is not the case for ^Li (lower part, 
open squares). Theoretical results for ^Li underestimate 
the experimental values at energies around the barrier, 
but the agreement is good at energies well above the bar- 
rier. 

In contrast to ^■'"Li+^^Co 0|, experimental total fu- 
sion cross sections for ^Li-|-^°^Bi are larger than those 
for ^Li-|-^°^Bi around the barrier. The experiment [T^ 
shows that it is because the direct production of 2io.2iipo 
evaporation residue (contributing to the incomplete fu- 
sion yield) is notably larger with ^Li than with ^Li. These 
evaporation residues can be produced by the capture of 
(i) the deuteron or proton (proton capture following dis- 
sociation of d ^ p + n) for ^Li, and of (ii) the triton 
for ''Li. A stripping breakup process |35l | does not seem 
to explain the larger production of 210,211 .^^j^^j^ Tj^i^ 
because the triton binding energy in ^Li is larger than 
the deuteron one in ®Li. It would be interesting to mea- 
sure deuteron and triton transfer cross sections for these 
reactions to clarify the reason for the difference of their 
2io,2iipQ yjgifjg^ \Ye would like to stress that couplings to 
these transfer channels were not included in the present 
calculations. 



Effect of the off-diagonal imaginary couplings; 
comparison to other approaches 
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FIG. 8: Total fusion excitation functions for ®Li-f^^Co us- 
ing different approaches. The calculated values are connected 
with curves to guide the eye. The arrow indicates the value 
of the Coulomb barrier. See text for further details. 



As an example, Fig. 8 shows the effect of the off- 
diagonal imaginary couplings on the total fusion of 
^Li-|-^^Co. This is the only system (the lightest one 
studied) for which we have obtained stable results when 
all imaginary couplings are included, as the off-diagonal 
imaginary couplings are not too strong in this case. In 
Fig. 8, we also compare the total fusion excitation func- 
tion obtained with the present approach (using two opti- 
cal potentials) to that obtained with our previous method 
in Ref. JJ\ (using one imaginary potential defined in the 
cm. coordinate of ^Li). The cross sections neglecting 
the off-diagonal imaginary couplings (full squares in Fig. 
8) are the same as shown with full dots in Fig. 3. The 
cross sections including all imaginary couplings are pre- 
sented with full stars. The off-diagonal imaginary cou- 
plings slightly reduce the total fusion cross sections (by 
^ 13% around the barrier and by ^ 6% well above the 
barrier). However, the cross sections obtained with the 
present approach (full squares) differ considerably from 
those (full triangles) calculated with the method from 
Ref. J7J, as expected for the ^Li projectile (see introduc- 
tion). The results indicate that there are many events 
where one of the fragments of ^Li is captured, but the 
cm. of the projectile does not reach the absorption (fu- 
sion) region. The imaginary potential used in the method 
from Ref. ^3 has the same shape and magnitude as the 
imaginary part of the optical potentials in the present 
approach. 

In Fig 9, we compare the total fusion excitation func- 
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FIG. 9: The same as Fig. 2 and 5, but comparing total 
fusion excitation functions for ''Li-l-^^Co using two different 
approaches, namely full coupled channels calculations (CRC) 
and the barrier penetration model (BPM). The calculated 
values are connected with curves to guide the eye. See text 
for further details. 
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tion (open circles) obtained with the barrier penetration 
model (BPM) [23 to that obtained with full coupled 
channels calculations when all imaginary couplings are 
included (full stars in Fig. 8). The total fusion exci- 
tation functions are normalized with the cross sections 
in absence of couplings to breakup channels. The BPM 
model assumes that all the flux that penetrates a sin- 
gle barrier (defined for these calculations as the sum of 
the bare potential and the real part of a local dynamic 
polarization potential (DPP) [321) leads to fusion. The 
DPP potential includes the effect of couplings to breakup 
channels and was extracted from the CDCC calculation 
shown with full stars in Fig. 8. This approach to fusion 
has been extensively used in the last few years 0, 
to predict total fusion cross sections with weakly bound 
projectiles, e.s. very recently for ^Li and ^He on the 
^°®Pb target [23| ■ It is observed that the BPM cross sec- 
tions (open circles) underestimate (by ^ 40% just around 
the barrier and by ~ 8% well above the barrier) the ac- 
tual cross sections (full stars), which is particularly rel- 
evant at energies just around the barrier. This is be- 
cause the BPM approach does not include fusion within 
the projectile-target barrier [s^- In contrast to the full 
coupled channel calculations (full stars), the BPM ap- 
proach (open circles) shows total fusion suppression for 
the whole range of incident energies studied (by 14% 
just around the barrier and by ~ 9% well above the bar- 
rier). The present results shows that the BPM approach 
is particularly inappropriate at energies just around the 
barrier and also yields a rather inaccurate answer to the 
question how breakup affects total fusion. 

With the above comparisons, it is important to note 
that to realistically predict total fusion cross sections the 
fusion model should be carefully chosen depending on the 
cluster structure of the weakly bound projectile and on 
what the experiment is expected to measure (in order to 
ensure a realistic comparison of theoretical and experi- 
mental data). 



rier energies are obtained using full coupled channels cal- 
culations with a new CDCC method of calculating fusion, 
that has short-range fusion potentials for each fragment 
separately. The realistic prediction of total fusion cross 
sections requires the selection of an appropriate fusion 
model which depends on both the cluster structure of 
the weakly bound projectile and what the experiment is 
supposed to measure. 

The effect of breakup on fusion can be observed in 
the total fusion excitation function. The breakup en- 
hances the total fusion of ^'^Li at energies just around 
the barrier, whereas it has very little effect on total fusion 
at energies well above the barrier. The fusion enhance- 
ment factor strongly depends on the decreasing incident 
energy below the barrier. The fusion enhancement is 
larger for the reaction with ^Li than that with ^Li, and 
it is correlated with the smaller a-breakup threshold of 
^Li. The difference between the bound-state structures 
of ^'^Li does not produce large difference between their 
total fusion excitation functions. The effect of the ^Li 
ground-state reorientation couplings on total fusion is 
very weak. A crude estimation reveals that the effect 
of target excitations on total fusion is weak and simi- 
lar for ^^^Li. The experimental data for ^'^Li-|-^^Co as 
well as for ^Li-|-^°^Bi are well reproduced. The breakup 
notably causes the difference between the experimental 
total fusion cross sections of ^■''Li on ^^Co, but it is not 
the case for the ^"^Bi target. Experiments focused on the 
deuteron and triton transfer cross sections are important 
to understand the difference between the total fusion of 
^'^Li on ^°^Bi. Work is in progress to study ^He induced 
fusion reactions since low-energy radioactive beams have 
become available for new experiments in selected facili- 
ties HSlilS. 
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